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ciation for Thoracic Surgerydoi:10.1016/j.jtcvs.2004.02.013Introduction: After cavopulmonary shunt in which the superior vena cava is anas-
tomosed to the right pulmonary artery, the right lung is in a unique condition without
flow pulsatility and hepatic venous effluent. In a previous study, we reported that
hypoxic pulmonary vasoconstriction disappeared in the pulmonary circulation after
cavopulmonary shunt. In this study, however, to investigate the influence of pulsa-
tility and hepatic venous effluent on hypoxic pulmonary vasoconstriction in the
pulmonary circulation, we developed an alternative cavopulmonary shunt rabbit
model that included hepatic venous effluent in the pulmonary circulation and
reduced the pulsatility of the pulmonary arterial blood flow. We then observed the
physiologic characteristics of the peripheral pulmonary artery after cavopulmonary
shunt, specifically the disappearance of hypoxic pulmonary vasoconstriction.
Methods: Sixteen Japanese white rabbits (12-16 weeks old) were used in this study.
With general anesthesia, a cavopulmonary shunt was established by anastomosing
the right superior vena cava to the right pulmonary artery in an end-to-side fashion.
Of the 16 rabbits for the study, the proximal right pulmonary artery was completely
ligated in 5 (atresia group) and partially ligated in 6 (stenosis group). Sham
operation was performed in the remaining 5 rabbits. Two weeks later, we analyzed
the response of the pulmonary artery (which was divided into three categories:
segmental, lobular, and acinar level artery) to hypoxia (8% oxygen inhalation) with
a specially designed video radiographic system. Morphometric analysis of the
resistance pulmonary artery was done in each group after angiography.
Results: Mean pressure and pulse pressure in the right pulmonary artery were not
significantly different between the atresia and stenosis groups. The mean pulmonary
artery pressures in the atresia and stenosis groups were 8 and 11 mm Hg, respec-
tively. However, the pulse pressure was less than 2 mm Hg in both groups. The
baseline internal diameter of the resistance pulmonary artery of the atresia group
was significantly different from those of the stenosis and sham groups. In the atresia
group, the resistance pulmonary arteries did not respond to hypoxia. In contrast,
significant constriction (as assessed by percentage change of internal diameter of the
resistance pulmonary arteries in the acinar and lobular level arteries) was observed
in the pulmonary arteries of the sham and stenosis groups (atresia vs stenosis vs
sham 0.4% vs  19.0% vs  18.8%, P  .01). In our morphometric study, we
observed vasodilation of the resistance pulmonary artery with a thinner medial layer
in the atresia group, consistent with the result of microangiography.
Conclusion: We developed a cavopulmonary shunt rabbit model in which the
inferior vena caval blood was derived from the right ventricle. Hypoxic pulmonary
The Journal of Thoracic and Cardiovascular Surgery ● Volume 129, Number 1 199
sponse at each vascular level.
Surgery for Congenital Heart Disease Ikai et al
200 The Journal of Thoracic and Cardio
CH
Dvasoconstriction was maintained in the model with the blood flow from the right
ventricle. When the blood flow was not maintained, however, hypoxic pulmonary
vasoconstriction disappeared. This phenomenon strongly suggests that a substance
in hepatic venous effluent partially regulates the physiological pulmonary vascular
function in the rabbit lung.During the last decade, bidirectional cavo-pulmonary shunt (CPS) has become astandard staging procedure in younger in-fants, resulting in improvement of theoutcome of right heart bypass.1,2 How-ever, pulmonary arteriovenous malforma-
tions have been known to have complications after CPS
operations, with less improvement in outcome.3-5 Although
a major symptom of pulmonary arteriovenous malforma-
tions is the deterioration of hypoxia, which has been seen
with increases of right-to-left shunt in the pulmonary circu-
lation, several echocardiographic studies have also shown
an increase of intrapulmonary right-to-left shunt in more
than 60% of patients after CPS despite the absence of the
deterioration of hypoxia.6,7 Radionuclide studies in patients
after CPS also demonstrated intrapulmonary arteriovenous
shunting in all cases.8 These studies also mentioned higher
incidence of pulmonary arteriovenous malformations af-
ter CPS, thus excluding hepatic venous effluence after
CPS.
In our previous study,9 we confirmed abnormality of the
peripheral pulmonary artery (PA) vascular tone, namely the
disappearance of hypoxic pulmonary vasoconstriction
(HPV) as well as the vasodilation of the peripheral PA, 2
weeks after CPS in our rabbit model. However, this model
had two factors that influenced the characteristics of the
pulmonary function, nonpulsatile flow and hepatic venous
effluence. As a result, HPV has been recognized as an
important regulatory mechanism to prevent abnormal ven-
tilation-perfusion mismatch in the lung. This phenomenon
has been observed in several mammals10-13 and has been
regarded as a universal rule. Interestingly, HPV is also
blunted under the condition of liver dysfunction in the rat.14
From these facts, we hypothesized that pulmonary vas-
cular tone regulation, including HPV, is partially affected
by some substance or substances in the hepatic venous
effluent. To evaluate this hypothesis, we developed another
rabbit model that controlled for the influence of pulsatility
on the pulmonary circulation. By applying a specially de-
signed high-resolution video radiographic system,15 we
measured the internal diameters (ID) of the resistance (aci-
nar and lobular level arteries) PAs consistent with the site of
HPV and analyzed changes in basal tone and hypoxic re-vascular Surgery ● JanuMethods
The institutional animal care and use committee at Kyoto Univer-
sity approved this protocol. All animals received humane care in
compliance with the “Guide for the Care and Use of Laboratory
Animals” (http://www.nap.edu/catalog/5140.html).
Cavopulmonary Shunt
A total of 16 Japanese white rabbits (12-16 weeks old and weigh-
ing 2.2-2.9 kg) were subjected to a CPS. A 24-gauge intravenous
catheter was placed into the marginal ear vein for intravenous
access. After induction of anesthesia with intravenous induction of
25 mg/kg pentobarbital sodium, the rabbits were orally intubated
and mechanically ventilated (Harvard Apparatus Constant Volume
Ventilator model 683; Harvard Apparatus Co, South Natick,
Mass). General anesthesia was maintained with 1.5% isoflurane. A
warming pad was used to prevent hypothermia, and lactated
Ringer solution was infused at the rate of 10 mL/(kg · h). After
median sternotomy, the right superior vena cava (SVC) was ex-
tensively dissected. After 1 mg/kg heparin sodium was adminis-
tered intravenously, the junction to the right atrium was ligated
with 6-0 polypropylene sutures and the SVC was divided. After
dissection of the right PA, the distal end of the SVC was anasto-
mosed to the right PA in an end-to-side fashion with 8-0 polypro-
pylene sutures.
In the atresia group (n  5), the proximal side of the right PA
was completely ligated. In the stenosis group (n  6), cuffs
manufactured from sterile, medical-grade silicone tubing (1.5 mm
ID) were passed around the proximal right PA and fixed with 6-0
polypropylene sutures (Figure 1).
The left SVC was ligated near its drainage to the right atrium.
After the procedures, the chests were closed with a mediastinal
drainage tube. Extubation was performed after the rabbits were
fully awakened from general anesthesia. We also performed a
sham operation (n  5) in which the SVC and right PA were
dissected and clamped for 10 minutes under heparinization as
described but without constructing a CPS.
Blood Gas Analysis and Pulmonary Microangiography
All rabbits were subjected to pulmonary microangiography with a
specially designed high-resolution video radiographic system 2
weeks after CPS.15 General anesthesia was induced by intravenous
administration of 30 mg/kg pentobarbital sodium and maintained
with 2.5 mg/(kg · h). Each rabbit was placed under spontaneous
breathing condition. During this period, we also obtained arterial
blood sample from the ear artery of each rabbit. Each rabbit was
orally intubated and mechanically ventilated as described previ-
ously. A catheter was inserted into the right femoral artery to
measure arterial pressure. Another catheter was inserted into the
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Dright femoral vein to administer any drugs. In the stenosis group
the pulse wave pressure of the right PA was 1.7 0.6 mm Hg; that
in the sham group was 12.8  1.7 mm Hg. The pulse wave
pressure of the atresia group was 1.0 0.5 mm Hg (Figure 1). The
right rib cages were partially excised between the 4th and 8th
intercostal spaces, and the pleural cavity was opened to expose the
right lower lung lobe. A catheter was introduced from the right
jugular vein into the right PA through the CPS. Another catheter
was introduced to the left PA through the right ventricle.
The system and experimental setup used for angiography have
been described previously elsewhere. Briefly, the rabbit was
placed inside a radiographic apparatus box (Hitex, Osaka, Japan)
and fixed in such a manner that the exposed right lung lobe of each
rabbit automatically came into contact with a plate just above the
beryllium faceplate of an x-ray–sensitive vidicon camera
(Hamamatsu Photonics, Hamamatsu, Japan). During the temporary
ventilation cessation at end expiration, a contrast medium (2.7 mL
60% meglumine diatrizoate) was injected into the right PA at a
constant speed (1.5 mL/s), and its passage through the pulmonary
vascular bed as demonstrated by the fluoroscopic image was then
recorded with a videotape recorder (model PVW-2800, Sony,
Tokyo, Japan) at a rate of 30 frames/s. Ventilation was temporarily
arrested during each injection and recording.
Measurement and Analysis of PA ID
To determine the ID of the PA, four serial frames of angiographic
images were averaged by the digital image processor (TVIP-2000;
Nippon Avionics, Tokyo, Japan) and printed by the imaging hard
copy unit (model UP-960; Sony). IDs of at least five randomly
selected PA segments in each segmental, lobular, and acinar level
PA were measured by a digitizer (model 9874A; Hewlett-Packard
Company, Palo Alto, Calif). The mean value from the randomly
selected ID measurements in each group was used for comparison
Figure 1. Model schema and representative pressure
weeks after surgery in atresia group (left) and stenosi
pressure.purposes.
The Journal of ThoraciResponse of PA to Hypoxia
We examined the change of the PA and ID of each rabbit from
each group in response to hypoxia. Each rabbit was then prepared
for pulmonary microangiography as described. To suppress the
influence of the autonomic nerve activities, each rabbit was pre-
treated with 8 mg/kg hexamethonium bromide, (Sigma, St Louis,
Mo) and 7 mg/kg atropine sulfate (Sigma). After the pretreatment,
a baseline angiogram was recorded. The angiogram was recorded
under hypoxic conditions after each rabbit was ventilated for 3
minutes with a gas mixture of 8% oxygen and 92% nitrogen. The
mean value of the ID was obtained from each site. The value of the
baseline and hypoxic angiogram was used to measure the percent-
age changes of PA and ID. After angiography, all of the rabbits
were then humanely killed by an overdose of pentobarbital so-
dium. At this time we confirmed the patency of the stenosis of the
right PA of each rabbit in the stenosis group.
Histologic Evaluation of Lung
A solution of 4% paraformaldehyde was infused through the
tracheal tube through an endotracheal tube at a pressure of 20 cm
H2O. After the fixation, both lungs were then excised and im-
mersed in 4% paraformaldehyde for about 24 hours. A block of the
lower lobe, which corresponded to the site of microangiography,
was cut out from each lung. These blocks were embedded in
paraffin, and 4-m slices were subjected to hematoxylin-eosin and
van Gieson elastic stains. Each slice was examined by a light
microscope, which was connected to a computer-assisted image
analysis system (VIP-21CH Color Video Image Processor; IKE-
GAMI, Kawasaki, Japan). In each slice, 10 randomly selected
cross-sectioned resistance arteries accompanying the end of termi-
nal bronchiole were identified. To determine the ID of arteries, the
circumference of the wavy internal elastic lamina was measured
e formation of right PA. Waveforms were recorded 2
up (right). See text for details. PAP, Pulmonary arterywav
s groand divided by . The medial thickness (MT) of the arteries was
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Ddetermined by the average of the MT in each quarter. The ratio
between the MT and the outer diameter of the arteries was deter-
mined as follows: MT ratio  2MT/(2MT  ID).
Statistical Methods
The Mann-Whitney statistical method was used to test the differ-
ences of the hemodynamic data, the blood gas values, the baseline
ID in the microangiographic study, and the morphometric values
among the three groups (atresia, stenosis, and sham). We then
compared the hemodynamic data before and during the inhalation




To assess the development of gas-exchange abnormalities
after the CPS operation, arterial blood gases were measured
2 weeks after the operation (Table 1). The PaO2 in the atresia
group 2 weeks after operation was significantly decreased
relative to both the stenosis and sham groups. The PaCO2 in
the atresia group was significantly higher than those in the
stenosis and sham groups.
Hemodynamic Data
The mean left PA pressure (PAP), mean right PAP, and
mean systemic arterial pressure under basal and hypoxic
conditions are summarized in Table 2. We found no signif-
icant differences in the baseline left PAP among the three
groups. Under hypoxic conditions, however, the mean left
PAP of all three groups increased relative to the baseline
condition. The mean right PAP of the atresia group did not
change at all (8.0  0.3 vs 8.0  0.3 mm Hg); whereas the
stenosis group increased relative to the baseline condition
(10.5  0.5 vs 13.3  1.1 mm Hg, P  .03).
Relationship Between Vessel Sizes in the Baseline State
In Figure 2, parts A, C, and E illustrate typical arteriograms
in the baseline state for the sham, atresia, and stenosis
groups, respectively. In the atresia group, the lobular and
acinar level arteries were thick. The results of measuring the
ID of each site from the three groups are shown in Figure 3.
The ID of the PA from the atresia group was increased







pH 7.37 0.02 7.39 0.02 7.33 0.02
PaO2 (mm Hg) 92.4 3.0 69.3 3.5* 78.0 2.0*†
PaCO2 (mm Hg) 33.1 0.9§ 39.1 1.3 35.7 1.8†
All data are mean  SE.
*P .01 versus sham group.
†P .04 versus atresia group.
§P .03 versus atresia group.relative to the sites of lobular and acinar level arteries from
202 The Journal of Thoracic and Cardiovascular Surgery ● Januthe stenosis and sham groups. However, we found no sig-
nificant differences in the segmental level artery from all
three groups.
ID Changes During Hypoxia
In Figure 2, parts B, D, and F show typical arteriograms
with hypoxic stimulation for the sham, atresia, and stenosis
groups, respectively. In Figure 4, the ID changes during
hypoxia are compared among the three groups. In the sham
and stenosis groups, the lobular and acinar level arteries
were locally constricted. As a result of the inhalation of 8 %
oxygen, ID reduction did not occur in the atresia group but
did so in the stenosis group. The segmental level arteries
from all groups did not constrict.
Morphometry
Figure 5 shows typical resistance vessels at the end of the
terminal bronchiole of the lungs of the three groups. Table
3 gives the ID and MT values of the three groups. The ID
was larger in the atresia group than in the stenosis and sham
groups. The MT of the resistance arteries in the atresia
group was relatively thinner than in the stenosis and sham
groups. These results were consistent with the microangio-
graphic findings.
Discussion
In this study we developed two rabbit models, the atresia
group and the stenosis group. In the atresia group, the
pulmonary blood was supplied only from the SVC. In the
stenosis group, the pulmonary blood was supplied from the
SVC and the right ventricle. The flow pattern of the pul-
monary circulation in the atresia group had complete steady
flow, whereas the pulse pressure in the stenosis group was
reduced to less than 2 mm Hg in accordance with the
stenosis site of the PA, which was between the bifurcation
TABLE 2. Hemodynamic changes in response to hypoxia
Left mean PAP
Mean systemic
arterial pressure Right mean PAP
Sham (n  5)
Baseline 16.4 1.2 72 4 ND
Hypoxia 20.0 1.1* 70 4 ND
Atresia (n  5)
Baseline 18.8 1.3 76 9 8.3 0.3
Hypoxia 21.8 1.2* 73 8 8.3 0.3
Stenosis (n  6)
Baseline 17.2 0.8 69 6 10.5 0.5
Hypoxia 22.0 1.3† 74 8 13.3 1.1†
The left PAP in the sham group is representation of whole PAP because of
the continuation of bilateral PA. All measurements are in millimeters of
mercury. All data are mean  SE. ND, Not detected.
*P .04 versus baseline.
†P .03 versus baseline.of the main PA and the anastomosed site of the SVC to the
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Dright PA. Kurotobi and colleagues16 demonstrated that phe-
nomenon in a clinical study of pulmonary endothelial func-
tion, which became abnormal after CPS when pulse pres-
sure was subjected to 4 mm Hg of the mean PAP. From this
fact we concluded that the pulmonary pulse pressure of less
than 2 mm Hg in this model should be sufficient to induce
some changes in the pulmonary circulation, as well as the
steady flow in the atresia group. Therefore we expect that
the functional and anatomic differences in the PA between
these two groups would result from the presence of the flow
from the right ventricle; specifically from flow of hepatic
venous effluent.
This study showed that HPV in the atresia group disap-
Figure 2. Typical angiograms of small PAs before and
Middle (C and D), Atresia group. Bottom (E and F), Ste
and E), During hypoxia. In stenosis and sham group
apparently constricted in response to hypoxia, but
anastomosis side of atresia group, all levels of arteriepeared, whereas it was maintained in the stenosis group and
The Journal of Thoracithe sham groups. When the physiologic condition of the
right pulmonary circulation is compared between the steno-
sis group and the sham group, the significant difference seen
is the degree of flow pulsatility. Gregory and associates12,13
reported that HPV was maintained by a steady flow pro-
vided by a peristaltic pump in a perfusion lung model with
ferrets and dogs. Ozaki and colleagues17 reported that the
degree of mechanical stretch in the PA may have a profound
effect on the response to hypoxia. However, they also
showed that constriction response to hypoxia was observed
in any degree of stretch. These findings suggest that the
pulsatility of the pulmonary circulation may not be impor-
tant to HPV in the rabbit lung. When we compared the
ng hypoxia (8% oxygen). Top (A and B), Sham group.
group. Left (A, C, and E), Before hypoxia. Right (B, D,
bular (arrow) and acinar (arrowhead) level arteries
ental level arteries did not (large arrowhead). In
not respond at all.duri
nosis
s, lo
segmatresia group with the stenosis group, the relative difference
c and Cardiovascular Surgery ● Volume 129, Number 1 203
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Dwas confounded by the existence of exiguous flow pulsatil-
ity. However, the existence of the additional flow derived
from the right ventricle was the main difference between the
two groups. The HPV disappeared in the atresia group but
was maintained in the stenosis group. However, the primary
mechanism of HPV remains unclear. Because we simulta-
neously administered hexamethonium bromide and atropine
sulfate to suppress the secondary influence of the neural
reflex changes before exposure to global hypoxia, global
hypoxia selectively constricted the resistance arteries. This
Figure 3. Comparison of ID under baseline condition among atre-
sia (black bar, n  5), sham (white bar, n  5) and stenosis
(striped bar, n  6) groups. Baseline ID in atresia group was
larger than those in other groups for lobular and acinar level
arteries but not segment level arteries. N.S., Not significant.
Figure 4. Comparison of ID percentage changes of PA in re-
sponse to hypoxia (8% oxygen) among atresia (black bar, n  5),
sham (white bar, n  5) and stenosis (striped bar, n  6) groups.
Hypoxic ID reduction was not induced in atresia group but did
occur in other groups. N.S., Not significant.finding is consistent with the site of locally induced hypoxic
204 The Journal of Thoracic and Cardiovascular Surgery ● Januvasoconstriction. A model of hepatopulmonary syndrome
was shown experimentally in a rat study. The lungs of the
rats had exhibited larger diameter capillary beds and blunted
HPV after the common bile duct was ligated.14 As the result
of these findings, we propose that some substrates derived
from the liver play a role in maintaining vasoconstrictive
response to hypoxia in the pulmonary circulation. In clinical
experiences, pulmonary arteriovenous malformations after
CPS without hepatic venous effluent, the same condition as
in our atresia group, and hepatopulmonary syndrome had
significant improvement after driving the hepatic venous
effluent to the pulmonary circulation.18,19 This also may
support our proposed study; however, further study is
needed to confirm the details of the mechanism.
In this study we demonstrated that the resistance PAs, the
lobular and acinar level arteries, of the atresia group were
dilated relative to those of the stenosis and sham groups.
These sites are consistent with the main site of HPV.11
There have as yet been no long-term studies about the
change of ID of the resistance PAs in the pulmonary circu-
lation with the steady pulmonary flow or the exclusion of
the hepatic venous effluent. In terms of the relationship
between pulsatility and vasodilation, several acute studies
relating shear stress of the vessel wall have shown pulsatile
flow to be a more powerful stimulus to the release of nitric
oxide than steady flow.20 In this study, vasodilation of the
resistance PAs was induced under the condition of nonpul-
satile flow. From this study, nitric oxide might not be related
to this phenomenon. On the other hand, precapillary vaso-
dilation has been shown in clinical settings under conditions
of pulmonary arteriovenous malformations and CPS with-
out hepatic venous effluent and hepatopulmonary syn-
drome.5,21 We assume that the hepatic venous effluent, not
shear stress, plays an important role in maintaining the
vascular tone of the resistance PA. Malhotra and cowork-
ers22 reported that cavopulmonary anastomosis in an ovine
model caused a reduction in the activity of angiotensin-
converting enzyme and a decrease of circulating levels of
angiotensin II. Not only renin-angiotensin but also several
humoral factors relating vascular tone regulation were me-
tabolized in the pulmonary vascular beds (eg, endothelin,
eicosanoid, and bradykinin). Some of these are also recog-
nized as modulating HPV.23,24 Further study is required to
determine the particular factors that regulate pulmonary
vascular tone. However, if some specific factor regulating
pulmonary vascular tone that is derived from the liver
theoretically exists, it should have a very short half-life or it
would be metabolized completely by its second passage into
the pulmonary circulation. This metabolic process may be
due to the disappearance of HPV, or it may be that the
vasodilation of the PA only occurred in the atresia group.
The PaO2 values in the atresia and stenosis groups were
significantly lower than that in the sham group. The follow-
ary 2005
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Ding factors may explain this result. Basically, a rabbit has
four lobes in the right lung and a lobe in the left lung. The
volume of the right lung is larger than that of the left lung.
The rabbits in the atresia and stenosis group may have had
tremendous distribution mismatch of pulmonary blood flow
and pulmonary vascular bed as a result of the procedure.
This may have been one of the causes of low PaO2 relative
to control animals. The difference in PaO2 between the
atresia group and stenosis group may be explained follow-
ing factors. One of the underlying factors is the abnormal
dilatation of the peripheral resistance arteries. It has been
shown that the nonpulsatile passive blood without hepatic
venous effluent returned to the lungs after CPS has caused
more dominant flow into the lower lobes, causing mismatch
of ventilation to perfusion.3 The abnormal vasodilatation
may further enhance this mismatching. In a long-term goat
model with nonpulsatile pulmonary perfusion by centrifugal
pump derived from the right atrium and ventricle, however,
blood distribution on the pulmonary circulation and the
blood gas values were not changed.25 As a result of these
findings, the lack of hepatic venous blood may contribute
more to the maldistribution of pulmonary blood flow than
does flow pulsatility alone. Another possible factor is the
lack of HPV in the peripheral resistance arteries after CPS,
which may aggravate ventilation or perfusion mismatching.
Furthermore, the flow distribution of each lung in each
group should be different in this study. This speculation
may be partially related to ventilation or perfusion mis-
matching.
There are some limitations in this experimental study.
The aim of this study was to confirm the physiologic char-
acteristics of the PA after CPS without pulsatile flow and
with hepatic venous effluent. In this sense, however, this
model was imperfect because pulse wave pressures in the
stenosis group were not eliminated completely. Ideally, it
should have been established that the inferior vena cava was
anastomosed to the right PA directly to get steady flow
Figure 5. Typical light microscopic photography of
operation. Left, Section representing sham group. Ce
representing stenosis group. PA of atresia group wa
Horizontal bar represents 100 m in length.including hepatic venous effluent. Although we tried to
The Journal of Thoracidevelop this model, we failed because of the relatively small
animal we used for the study. In terms of histologic study,
the lungs were not perfusion-fixed at a standard pressure.
Therefore it was difficult to compare differences in the PA
wall thickness and muscular development between the study
animals.
In conclusion, we developed a small CPS rabbit model
with and without pulmonary blood forward blood flow from
the right ventricle. HPV was maintained in the model with
forward blood flow from the right ventricle, but without
forward blood flow it disappeared. This phenomenon
strongly suggests that a substance derived from hepatic
venous effluent regulates normal physiologic pulmonary
function.
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